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The Gain of Rod Phototransduction:
Reconciliation of Biochemical and
Electrophysiological Measurements
and transforms into the active conformation metarho-
dopsin II (R*). The signal is then amplified by the reac-
tions illustrated schematically in Figure 1A to generate
the electrical response: the suppression of circulating
current that results from closure of cGMP-activated
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a theoretical description of the amplification cascade
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developed by Lamb and Pugh (1992) (hereafter called
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where R is the normalized response, F is the numberUniversity of Pennsylvania
of activated rhodopsin molecules (R*), and A is the con-Philadelphia, Pennsylvania 19104
stant characterizing the overall signal amplification. The
current suppression is a squared function of time be-
cause the quantity of cGMP hydrolyzed is determined
Summary by two cascaded integrating processes: activation of
multiple transducins (and PDEs) by each R* and hydroly-
sis of multiple cGMPs by each activated PDE. The LPWe have resolved a central and long-standing paradox
analysis further shows that the amplification constantin understanding the amplification of rod phototrans-
A can be expressed as the product of three intermediateduction by making direct measurements of the gains
gain factors:of the underlying enzymatic amplifiers. We find that
under optimized conditions a single photoisomerized
A 5 nE bsub ncG. (2)rhodopsin activates transducin molecules and phos-
phodiesterase (PDE) catalytic subunits at rates of 120– Here nE is the rate of activation of PDE catalytic subunits
150/s, much lower than indirect estimates from light- per photoisomerized rhodopsin, bsub is the rate constant
scattering experiments. Further, we measure the of cGMP hydrolysis per activated PDE subunit, and ncG
Michaelis constant, Km, of the rod PDE activated by is the Hill coefficient describing the cooperativity of
transducin to be 10 mM, at least 10-fold lower than channel opening by cGMP. bsub is defined as
published estimates. Thus, the gain of cGMP hydroly-
sis (determined by kcat/Km) is at least 10-fold higher bsub 5
ksub/Km
NAvVcytoBPcG
(3)
than reported in the literature. Accordingly, our results
now provide a quantitative account of the overall gain
where ksub represents the average catalytic rate perof the rod cascade in terms of directly measured
active PDE catalytic subunit (PDE*) and is defined asfactors.
1⁄2kcat, where kcat is the catalytic rate of a fully activated
PDE holomer (PDE**), Km is the Michaelis constant of the
Introduction PDE, NAv is Avogadro’s number, Vcyto is the cytoplasmic
volume of the outer segment, and BPcG is the cyto-
plasmic buffering power for cGMP.The phototransduction cascade of vertebrate rods has
served a “benchmark system” in the investigation of Electrophysiological recordings firmly establish the
amplification constant in amphibian rods as A < 0.1 s22G protein–coupled receptor signal transduction for a
number of reasons, including the remarkable ability of (reviewed in Pugh and Lamb, 1993; see below) and the
channel cooperativity as ncG 5 2–3 (Fesenko et al., 1985;rods to respond reliably to single photons (Baylor et
al., 1979, 1984) and the wealth of information about Haynes et al., 1986; Zimmerman and Baylor, 1986). The
values of these two parameters set the magnitude ofunderlying biochemical mechanisms (for reviews see
Stryer, 1986; Chabre and Deterre, 1989; Pugh and Lamb, the product nE bsub as 0.03–0.05 s22.
The paradox has been that the size of the product1993; Bownds and Arshavsky, 1995). Rod transduction
begins when a rhodopsin molecule is photoisomerized nE bsub derived from direct biochemical estimates is
about an order of magnitude smaller than the above
value from electrophysiology. Thus, the best estimates5 To whom correspondence should be addressed (e-mail:
of the factors in Equation 3 (ksub 5 2200 s21; Km 5 95vadim_arshavsky@meei.harvard.edu).
mM [Dumke et al., 1994]; Vcyto 5 1 pl; BcG $ 1 [Lamb and6 These authors contributed equally to this work.
Pugh, 1992]) yield bsub # 4 3 1025 s21, while measure-7 Permanent address: Institute of Evolutionary Physiology and Bio-
chemistry, St. Petersburg, Russia. ments of nE are found to average 80 s21 with a maximum
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Figure 1. Molecular Mechanisms of Activation and Their Contributions to the Gain of Phototransduction
(A) Schematic of the molecular mechanisms underlying activation (modified from Pugh, 1999). Absorption of a photon (hn) activates a rhodopsin
molecule in the disk membrane to R*. Each R* sequentially contacts numerous molecules of transducin (G), catalyzing their activation to G*
through exchange of a bound GDP for a GTP from the cytoplasm. Two G*s can bind to each phosphodiesterase holomer, activating the PDE
to PDE**. The activated PDE** hydrolyzes cGMP, reducing its cytoplasmic concentration, and thereby causing closure of cGMP-gated channels
in the plasma membrane. The rate constant of cGMP hydrolysis by PDE** is indicated by b, and the rate of cGMP synthesis by guanylyl
cyclase (GC) is indicated by a.
(B) Predicted kinetics of protein activation, of cGMP concentration, and of electrical current in response to a single photoisomerization when
all inactivation reactions are ignored. Isomerization activates a single R*, which (as inactivation reactions are ignored) simply remains present.
Transducin is activated to G* at a constant rate, denoted nG, and G* in turn activates PDE at a rate that we denote as nE in terms of PDE*
subunits (solid trace). The cGMP concentration and the circulating electrical current decline from their respective dark levels along trajectories
that are approximately parabolic at early times. Both variables are plotted normalized to their dark levels, and the symbol F denotes the
fraction of current remaining. For a single photoisomerization, the decline of F(t), which constitutes the response, at early times is given by
R(t) ; 1 2 F(t) 5 1⁄2A t2, where A is defined as the amplification constant of phototransduction (see text). For purposes of illustration, the
parameters employed in this panel were rounded to nG 5 160 G* s21 per R*, nE 5 150 PDE* s21 per R*, A 5 0.1 s22, and ncG 5 3.
(C) Estimation of amplification constant from single-photon responses. The continuous trace reproduces the mean single-photon response
for the cell in Figure 1C of Whitlock and Lamb (1999) after normalization to the circulating dark current of 42 pA. The dashed parabola plots
the predicted “pure activation” single-photon response, R(t) 5 1⁄2A t2, using A 5 0.08 s22. The dotted trace allows for inactivation reactions.
It plots the mean of the theory curves that were fitted to the individual single-photon responses, according to the method described in
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of 90 s21 (Pugh and Lamb, 1993, Table IV, after correc- as moles of GTPgS per mole of R* is shown in Figure
2A. The slope of the straight lines in Figure 2A show thetion for the revised ratio of 1 PDE to 270 rhodopsins in
rate nG of transducin activation to be about 70–80 G*amphibian rods from Dumke et al., 1994; Melia et al.,
s21 per R*, more than 10-fold below the estimates from1997). The biochemical measurements thus give nE bsub #
light-scattering studies.0.0036 s22, about 10-fold lower than is required to yield
The most common explanation for the discrepancythe observed amplification constant A < 0.1 s22. A possi-
between transducin activation rates measured directlyble resolution of this large discrepancy has come from
and the higher values derived from light-scatteringindirect measurements by light scattering. The latter
assays is that the latter either used ROS preparationshave suggested that the rate nG of production of G*s by
that were more intact or else used photoreceptor cellsR* could be 1000 s21 or even higher (Vuong et al., 1984;
within intact retinas. We therefore determined whetherKahlert and Hofmann, 1991; cf. Discussion), thereby
the rate of transducin activation is affected by theyielding the target value of nE bsub 5 0.03–0.05 s22. None-
“amount of ROS structure.” The three sets of symbolstheless, the absence of compelling direct evidence for
in Figure 2A represent three methods of ROS permeabili-such high values of nG and nE and the conflicting evi-
zation or destruction: (black circles) electroporation,dence have led us to reexamine the matter experimen-
yielding ROS with essentially unaltered macroscopictally. We find that our direct measurements of these
structure; (gray circles) breaking ROS into chunks ofparameters differ by an order of magnitude from the
10%–30% of their original length; and (open circles)values currently taken for granted in the literature and
complete disruption, yielding ROS fragments with noyield a value for nE bsub that explains the amplification
disc stack structure identifiable microscopically (see Ex-of the photoresponse.
perimental Procedures for details). Thus, the degree of
ROS structure remaining in the samples had no measur-Results
able effect on the observed rate of transducin activation.
Additional experiments, in which the amounts of mem-Electrophysiological Results: Estimation
brane-associated and soluble transducin were deter-of the Overall Amplification
mined from electrophoregrams (data not shown), indi-Figure 1C illustrates the mean single-photon response
cated that as long as the ROS concentration in thefor a toad rod, estimated from more than 300 dim-flash
reaction mixture corresponded to at least 10 mM rho-trials. The parabolic prediction of R(t) for “pure activa-
dopsin, no significant amount of transducin leaked fromtion,” from Figure 1B, is compared with the rising phase
any of the ROS membranes preparations in the dark.of the response (broken curve). A better fit to the data
These observations are consistent with the idea that ascan be obtained by taking into account the inactivation
long as transducin remains associated with ROS mem-reactions (Nikonov et al., 1998; Whitlock and Lamb,
branes prior to its activation by R*, then its rate of activa-1999) to obtain the dotted curve in Figure 1C, for which
tion does not depend on the method of ROS disruptionthe amplification constant was determined as A 5 0.11
or on the ROS concentration. This is further supporteds22. A second means of estimating A is illustrated in
by the data in Figure 2B, where the rate of transducinFigure 1D for another rod, where an entire family of
activation did not significantly increase when the con-responses has been fit, yielding the estimate of A 5 centration of ROS was increased well above the range
0.16 s22. These two estimates of A typify the range of used in other experiments.
values obtained from amphibian rods; the first estimate We next addressed the dependence of the rate of
is potentially more reliable, as the observation of single- transducin activation on the concentration of GTPgS
photon responses precludes the possibility of light cali- (Figure 2C). The accuracy of these measurements was
bration errors. The values are close to the mean of 0.10 limited by the fact that the signal-to-noise ratio in the
s22 determined by Pugh and Lamb (1993, Table VI) measurement of bound GTPgS decreased with increas-
through examining published results from five earlier ing GTPgS concentration, especially at concentrations
studies. We conclude that the amplification constant of above 100 mM. However, the quality of the data is suffi-
amphibian rods is close to A 5 0.1 s22. cient to conclude that saturation occurs at a GTPgS
level of around 100 mM, where the rate of transducin
Direct Measurement of Transducin activation was z80 s21. Finally, we measured the depen-
Activation Rate dence of the rate of transducin activation on Mg21 and
Direct measurements of the rate (nG) of transducin Ca21 concentration. The data from Figure 2D indicate
activation per photoisomerized rhodopsin R* were per- that this rate was reliably faster at 5 mM Mg21 than at
formed at very low-light levels that yield linear depen- 2 mM Mg21, bringing the value of nG measured with 100
dence of transducin activation on intensity. The stan- mM GTPgS to z100 s21. No effect of Ca21 on this rate
dard nitrocellulose filter GTPgS binding assay was used was observed, when Ca21 was varied between 1 nM and
(Fung et al., 1981). In order to determine the binding per 10 mM (data not shown).
R*, an accurate estimate of the number of photoisomer- In summary, under the most favorable conditions (Fig-
izations was obtained, as described in Experimental ure 2D) the rate of transducin activation per R* directly
Procedures. measured in our experiments was nG < 100 s21. However,
a more accurate determination of the half-saturatingThe time dependence of GTPgS binding expressed
Equations 2 and 3 of Whitlock and Lamb (1999) and yields A 5 0.11 s22.
(D) Estimation of amplification constant from a family of flash responses. Continuous traces are experiments from another toad rod. Dotted
curves plot predictions of the “pure activation” LP model (Smith and Lamb, 1997, Equation 5), with a membrane time constant of tm 5 20 ms
and filtering delay of teff 5 28 ms. All seven curves use A 5 0.16 s22, with individual values of F ranging from 3 to 18,000 photoisomerizations,
determined from the measured intensities and a collecting area of Ac 5 22 mm2.
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Figure 2. Measurements of Transducin Acti-
vation Rate in Suspensions of Frog ROS
Light dependent GTPgS binding to trans-
ducin was measured as described in Experi-
mental Procedures. In different experiments,
the rhodopsin concentration was varied be-
tween 15 and 100 mM, the fraction of rhodop-
sin isomerized was varied from 0.0001% to
0.00023%; the GTPgS concentration in ex-
periments of (A), (B), and (D) was 100 mM.
The dark level of GTPgS binding has been
subtracted from each data point. Error bars
in all panels represent SEM.
(A) The structure of ROS membranes does
not influence the rate of transducin activation.
The time course of GTPgS binding was moni-
tored in electropermeabilized ROS (black cir-
cles, n 5 7), ROS passed through a 28G nee-
dle (gray circles, n 5 5), and homogenized
ROS (open circles, n 5 2). The lines are linear
regressions fitted to the data, whose slopes
yield rates of transducin activation (nG) of 72,
71, and 81 G* s21 per R* for electropermeabi-
lized ROS (unbroken black line), ROS frag-
ments (gray line), and homogenized ROS
(dashed line), respectively.
(B) Rates of transducin activation nG in ho-
mogenized ROS suspensions containing 15
and 100 mM rhodopsin. The data are aver-
aged from three independent experiments.
(C) Dependence of transducin activation rate
nG on GTPgS concentration in homogenized
ROS. The data are fitted by a hyperbolic satu-
ration function, yielding a half-saturating
GTPgS concentration of 16 mM and a maximal
rate of transducin activation of 82 G* s21 per
R*. The data are averaged from three inde-
pendent experiments.
(D) Rates of transducin activation at 2 and 5
mM Mg21. The data are averaged from two
independent experiments with homogenized
ROS.
GTPgS concentration obtained in subsequent experi- subunit and hence that two G*s are required to fully
activate the PDE holomer; i.e., PDE 1 2G* ! PDE**.ments (Figure 5) indicated that the rate measured at 100
mM GTPgS is z20% lower than maximal. Furthermore, However, there are a number of indications in the litera-
ture that a larger excess of transducin is required forit is possible that there is curvature in the relation in
Figure 2A due to some thermal decay of R* in the course complete activation of the PDE in suspensions of dis-
rupted ROS as well as reports that under certain condi-of the experiment so that the slope may have been
underestimated by the straight lines fitted to the data. tions one transducin a subunit is capable of activating
However, this curvature should not be very significant both PDE catalytic subunits (for the most recent data
over the 30 s time course of the experiment since the and discussion, see Melia et al., 2000). Thus, in the next
time constant of R* decay in amphibian rods at room experiment, illustrated in Figure 3, we determined the
temperature is about 240 s (unpublished microspectro- ratio between activated transducin and activated PDE
photometric UV dichroism experiments made by D. under our experimental conditions.
Cameron and E. N. P.). Accordingly, we suggest that To determine the G*/PDE* molecular ratio, we took
the true value of nG is likely to be z120 s21 per R* or suspensions of completely disrupted dark-adapted ROS,
perhaps slightly higher. This is at the higher end of the added a mixture of 35S-labeled GTPgS and 3H-labeled
numbers reported previously in direct studies, as sum- cGMP, and then initiated the process of transducin/PDE
marized by Pugh and Lamb (1993), but an order of mag- activation by a dim flash of light. We then monitored the
nitude lower than the numbers derived from indirect time course of GTPgS binding and of cGMP hydrolysis
(light-scattering) estimates. and calculated the corresponding activation rates. A
low GTPgS concentration was used deliberately, as this
allowed us to achieve an extremely low experimentalTransducin Activates PDE Catalytic Subunits
error in the GTPgS binding experiments without affect-at a 1:1 Molecular Ratio
ing the G*/PDE* molecular ratio (which is independentThe efficiency of amplification in the cascade depends
of the free nucleotide concentration). The value of nG (inon the stoichiometry of the interaction of G* with PDE.
G* s21 per R*) is given by the slope of the straight lineIt is natural to assume that on average one transducin
a subunit is required to activate each PDE* catalytic in the upper panel of Figure 3A. The rate of PDE* subunit
Gain of Rod Phototransduction
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GTP-Bound and GTPgS-Bound Forms
of Transducin Are Equivalent
in Activating PDE
Most of the experiments reported here were performed
with transducin activated by GTPgS rather than GTP,
as this eliminates inactivation of transducin due to GTP
hydrolysis. Therefore, two essential controls in this
study were to show (1) that the rate of transducin activa-
tion by R* is no different with GTP than with GTPgS and
(2) that PDE activation by transducin is just as efficient
with GTPgS bound as with GTP bound. Since it is not
possible to obtain accurate GTP binding data using the
nitrocellulose filter binding assay (because GDP formed
after GTP hydrolysis is poorly retained on the nitrocellu-
lose-bound transducin; cf. Gray-Keller et al., 1990), com-
parison of the efficiency of these nucleotides in cascade
activation was performed by measuring PDE activation.
We first analyzed the dependence of the rate of PDE
activation on the concentrations of GTPgS and GTP for
dim flash illumination, where the activation of transducin
by R* is rate-limiting for activation of the whole cascade.
The data presented in Figure 4A show that the half-
saturating nucleotide concentrations for cascade acti-
vation are essentially identical, with K1/2 values of 24.5 6
6 mM for GTP and 24.8 6 3.5 mM for GTPgS.
We would stress that these measurements of half-
saturating nucleotide concentration are more accurate
than the corresponding measurement in Figure 2C (for
GTPgS alone) because the signal-to-noise ratio in the
PDE experiments is not dependent on the concentration
of the nucleotides employed. The fact that the K1/2 for
Figure 3. One Activated Transducin Is Required for Activation of cascade activation with GTPgS is z25 mM implies that
One PDE Catalytic Subunit
the estimates of nG obtained with 100 mM GTPgS in the
Light-dependent transducin activation (A) and PDE activation (B) experiments of Figure 2 are about 20% lower than the
were measured with homogenized ROS containing 21 mM rhodop-
rates anticipated at saturating GTPgS.sin, 1.36 mM transducin, and 60 nM PDE in the presence of 1 mM
The difference in Figure 4A between GTP and GTPgS[35S]GTPgS (or 400 mM [35S]GTPgS in the “bright flash” experiment
activation of z15% in the amount of cGMP hydrolysisin [B]) and 4 mM [3H]cGMP. The bright flash isomerized 6.6% of
3 s after the flash at all concentrations is entirely compat-the rhodopsin, causing complete cascade activation within a few
milliseconds; the dim flash isomerized 0.0027% of the rhodopsin. ible with the suggestion that GTP-bound and GTPgS-
The rate nG of transducin activation derived from the linear regres- bound transducin activate PDE with the same efficiency,
sion line fitted to the data of (A) was 2.8 G* s21 per R*. The maximal provided one assumes that GTP bound to transducin is
PDE activity derived from the line fitted to the “bright flash” data in hydrolyzed at a rate of 0.05–0.1 s21 under the conditions
(B) was 3300 s21. The PDE* activation rate nE derived from the para- of this experiment (Arshavsky et al., 1991). This point is
bolic fit of the “dim flash” data in (B) (see Experimental Procedures)
further emphasized by monitoring PDE activation afterwas 2.7 PDE* s21 per R*. The data are taken from one of three similar
a dim flash in the presence of saturating concentrationsexperiments.
of GTP or GTPgS (Figure 4B). The activation begins
along a common parabolic trajectory, but then the trace
obtained with GTP falls below that obtained with GTPgS.activation, nE (in PDE* s21 per R*), was determined by The same result was reported by Vuong and Chabrefitting the parabola
(1991), who used an alternative calorimetric method of
continuously monitoring the PDE activity. In conclusion,DcGMP(t) 5 1⁄2R* nE ksub t2 (4)
the results shown in Figure 4 confirm that GTPgS is just
as efficient as GTP in activating transducin, supportingto the data. The origin of the parabolic relation for the
the legitimacy of using GTPgS instead of GTP in thedecline in cGMP concentration in vitro is the same as
determination of both nG and nE.that for the response in vivo, given in Equation 1, be-
cause the quantity of cGMP hydrolyzed is given by the
integral of the linearly rising quantity of PDE*. In Equation Direct Measurements of PDE Activation Rate
under Optimized Conditions4, DcGMP (mM) is the concentration of cGMP hy-
drolyzed at time t (s) after the flash, and ksub 5 1⁄2kcat (s21) Measurements of PDE activation under conditions opti-
mal for cascade activation by R* are presented in Figureis again the average catalytic rate per PDE* subunit,
calculated from slope of the “bright flash” data fit (Figure 5. The optimized conditions included the use of a sus-
pension of completely disrupted ROS at 10 mM rhodop-3B) after determining the total amount of PDE (see Ex-
perimental Procedures). In three independent experi- sin concentration, with 400 mM GTPgS, 2 mM cGMP,
and 5 mM MgCl2. The value of nE obtained from fourments, this analysis produced a ratio of nG/nE 5 0.99 6
0.04 (SEM). We therefore conclude that each activated independent experiments with the same batch of ani-
mals was 118 6 4 (SEM) PDE* s21 per R*. The value oftransducin activates one PDE catalytic subunit.
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Figure 5. Determination of the Rate of PDE Activation after a Dim
Flash of Light
The dark-adapted preparation of homogenized ROS contained 10
mM rhodopsin, and the reaction mixture contained 400 mM GTPgS
and 2 mM [3H]cGMP. The dim flash isomerized 0.0011% of the
rhodopsin, the bright flash 2%. The rate of PDE activation per R*
derived from the fit of the parabola (Equation 4) to the “dim flash”
data, after correction for dark hydrolysis (see Experimental Proce-
dures), was 116 PDE* s21 per R*; ksub was calculated from the slope
of the “bright flash” data fit after determining the total amount of
PDE as described in Experimental Procedures. The data are from
one of eleven similar experiments.
nE obtained from five different batches of animals ranged
Figure 4. Dependence of PDE Activation on Concentration of GTP from 90 to 150 PDE* s21 per R*; a comparable value of
and GTPgS
76 PDE* s21 per R* was obtained in similar experiments
(A) PDE activation in ROS was initiated by a flash isomerizing by Melia et al. (1997) with bovine ROS. These values
0.00098% of the rhodopsin (10 mM) in the presence of 2 mM cGMP
further support an essentially 1:1 coupling between G*and various concentrations of GTP and GTPgS. The reaction was
and PDE*.terminated after 3 s, and the amount of hydrolyzed cGMP was
determined by the radiotracer assay. Each point has been performed
Determination of the Catalytic Parametersin duplicate; the error bars plot the range of the data. Hyperbolic
saturation (Michaelis) functions were fitted, giving the following pa- of Transducin-Activated PDE
rameters: for GTP, K1/2 5 24.5 6 6 mM and Vmax 5 144 6 7 mM cGMP There are two reasons for suspecting that the reported
hydrolyzed over 3 s; for GTPgS, K1/2 5 24.8 6 3.5 mM and Vmax 5 values of Km for transducin-activated PDE have been
172 6 5 mM cGMP hydrolyzed over 3 s (mean 6 SEM). The curves systematically overestimated and that the actual value
plot this function with the mean parameters. may be about 10 times lower. First, previous measure-
(B) PDE activation was initiated by a 1 ms flash isomerizing 0.0001%
ments of the catalytic parameters for trypsin-activatedof the rhodopsin at time zero in the presence of 10 mM cGMP and
frog PDE have yielded Km < 20 mM and kcat < 8000 s21250 mM GTP or GTPgS, and cGMP hydrolysis was monitored with
(D’Amours and Cote, 1999) resulting in a kcat/Km ratio ofthe pH assay. The total rhodopsin concentration was 3 mM; the
4 3 108 M21 s21 (see also Gillespie and Beavo, 1988;reaction volume was 100 ml, temperature 248C. Each trace is the
average of at least five records. The maximal hydrolytic velocity, Pugh and Lamb, 1993, Table V). Second, in our previous
obtained with a flash that isomerized 10% of the rhodopsin, was study (Dumke et al., 1994), we found that the value of
34 mM s21. The thickened dark gray curve for the trace with GTPgS apparent Km was systematically higher when measured
plots Equation 4, with the factor 1⁄2R*nE ksub set to 0.25 mM s22. The in suspensions of disrupted ROS retaining some disc
light gray curve drawn through the trace obtained with GTP allows stack structure. We argued that this happened as a
for first order inactivation of transducin at a rate of 0.09 s21: this
consequence of cGMP “diffusion with hydrolysis” in thecurve has the formula DcG(t) 5 R* nE ksubtE {t 2 tE [1 2 exp(2t/tE)]},
disc stack, as illustrated in Figure 6A: in the face of itswith tE 5 11.5 s 5 1/0.09 s and reduces to Equation 4 when t is
extremely rapid hydrolysis by PDE*, the rate of diffusionsmall. Given R* 5 3 3 1026 mM and taking ksub 5 2200 s21, the
of cGMP into the interdiscal space is insufficient to main-relation 1⁄2R* nE ksub 5 0.25 mM s22 can be solved to obtain nE 5 76
PDE* s21 per R*. A series of ten such experiments using GTP, GTPgS, tain its concentration at the bulk level. PDE* thus is
or GppNHp as cofactors yielded nE 5 84 6 40 PDE* s21 per R* exposed to lower concentrations of cGMP than the level
(mean 6 SD). set by the experimenter in the bulk reaction volume, and
as a consequence the Km for PDE* is overestimated.
Consistent with this analysis, it was found the Km value
Gain of Rod Phototransduction
531
Figure 6. Dependence of the Apparent Km of the PDE for cGMP on the Fraction of Activated PDE in ROS Membranes
(A) Schematic of how diffusion with hydrolysis influences the cGMP concentration profile in the intradiscal space at a high (upper half) or low
(lower half) degree of PDE activation. The red ellipsoids represent PDE**s, and the white ellipsoids inactive enzyme.
(B) Scanning electron micrograph of large frog ROS fragments with essentially unaltered macroscopic structure. The average ROS diameter
is 8 mm.
(C) Scanning electron micrograph of maximally disrupted ROS preparation used in the experiments from (D).
(D) Measurements of apparent Km of the PDE at various levels of PDE activation. All experiments were performed in suspensions of completely
disrupted ROS containing 6 mM rhodopsin. Each point on the graph is derived from a separate experiment in which a constant concentration
of GTPgS (in the range 2 nM to 10 mM) was used to set the level of PDE activation; the time course of cGMP hydrolysis was measured at
five to seven different concentrations of [3H]cGMP, as described in Experimental Procedures. The Km value was estimated by fitting the data
with the Michaelis-Menten equation; error bars represent SEM. For each experiment, the estimated value of apparent Km is plotted as a
function of the maximal hydrolytic activity observed at that concentration of GTPgS (PDE* ksub; see Appendix). The upper x axis represents
the percentage of PDE activation in each experiment with respect to the maximum value obtained from an experiment where all the PDE was
activated. For the three leftmost points, obtained under conditions where the basal PDE activity was comparable with the GTPgS-stimulated
activity, we measured the time course of cGMP hydrolysis at each cGMP concentration with and without 2 nM GTPgS; we then performed
point-by-point subtraction of the basal activity from the activity with GTPgS and used the resulting values (representing the activity of
transducin-activated PDE only) in the fitting of the Michaelis function. The curves represent theoretical predictions of the “diffusion with
hydrolysis” theory for three different hypotheses about the particles’ structure (see Appendix for details). The solid dark gray line shows the
prediction for spherical particles containing non-oriented membrane structure and surrounded by an additional diffusion barrier. The fit was
computed with Equations 5–7, assuming Dr 5 225 mm2 s21 and B 5 170 mm s21. The dashed line is the solution for the same particles but in
the absence of a surrounding diffusion barrier (B 5 ¥ ) and with Dr 5 45 mm2 s21. The light gray line is the solution for cylindrical particles
without a diffusion barrier and with Dr 5 50 mm2 s21
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measured in suspensions of large ROS fragments (Fig- G protein–activated PDE, is an order of magnitude more
ure 6B) was z6 times higher than the value observed efficient than had been thought: for a single catalytic
with completely disrupted ROS (Figure 6C). Dumke et subunit, ksub/Km 5 2.2 3 108 M21 s21. This puts the PDE
al. hypothesized that the Km value of z100 mM cGMP among the handful of most efficient enzymes, for which
observed in the most severely disrupted ROS prepara- kcat/Km exceeds 108 M21 s21 (Fersht, 1977, Table 4.4),
tions represented the true transducin-activated Km. and qualifies the PDE as a nearly perfect effector in
However, the possibility remains that the Km value deter- fulfilling its function of maximally amplifying the second
mined even in the most disrupted ROS was still overesti- messenger signal during the photoreceptor response to
mated due to the problem of diffusion with hydrolysis light.
in the presence of high PDE activity in the membrane This finding makes it possible to resolve a central
fragments. Indeed, even the smallest particles in this paradox in the field of phototransduction: the 10-fold
ROS preparation appear large enough to contain the discrepancy between the rates of transducin activation
remnants of many disc fragments. obtained in direct biochemical measurements and indi-
To address the possibility that diffusion with hydroly- rect assays utilizing light scattering. Until now, the “low”
sis occurs in even the most disrupted membrane prepa- values of nG and nE, obtained consistently in the direct
rations, we activated only a small fraction of the total assays, have been rejected as gross underestimates
PDE within each ROS fragment, as illustrated schemati- in comparison with the much higher values obtained
cally in the lower half of Figure 6A. This reduction was indirectly. However, the primary reason for this rejection
achieved by adding low concentrations of GTPgS to is that the lower values were deemed insufficient to
a preparation of completely disrupted, photoactivated account for the overall gain of signal transduction in
ROS so that the quantity of activated PDE was limited the rod photoresponse, when the previously reported
by the availability of activated transducin. As shown in estimates for the ratio ksub/Km of the PDE were used
Figure 6D, reduction in the fraction of activated PDE (Pugh and Lamb, 1993). Our results not only establish
was accompanied by a systematic decrease in the ap- that the ksub/Km of the PDE is sufficiently large to explain
parent Km. At very low levels of PDE activation, the mea- the total amplification but in addition show that under
sured Km stabilized at z10 mM cGMP, which we consider the conditions of the single-photon response, the con-
to be the true Km of transducin-activated PDE*, since it centration of PDE* in the intradiscal space remains low
was obtained under conditions minimally influenced by enough to avoid reducing its catalytic efficiency.
the effects of diffusion with hydrolysis.
To accommodate these findings, we have revised our
A Quantitative Description of the Rising Phasetheoretical analysis of diffusion with hydrolysis, incorpo-
of the Photoresponse Using a Coherent Setrating the hypothesis that only at very low levels of PDE
of Biochemical Parametersactivation (,1%) does the apparent Km represent the The parameters for which revised estimates have beentrue Km of transducin-activated PDE (see Appendix). The
obtained in this study are as follows: (1) the rate nG ofhigher Km values that have been routinely obtained in
transducin activation z120 G* s21 per R*; (2) the rate nEprevious studies, where the entire PDE pool was acti-
of activation of PDE catalytic subunits, with a mean ofvated, resulted from restrictions imposed on the supply
120 PDE* s21 per R* and a maximum observed value ofof substrate (cGMP) by the ROS membranous structure.
150 PDE* s21 per R*; and (3) the Michaelis constant forImportantly, the three theoretical lines in Figure 6D make
the PDE, with a mean of Km 5 10 mM and minimumthe point that the analysis presented here does not de-
observed value of 9.2 mM.pend critically on the microstructure and size distribu-
From these revised values, we can determine whethertion of the particles, as discussed in Appendix.
the amplification of the electrical response is explicableAlthough our results and analysis cannot exclude the
in terms of directly measured biochemical parameters.possibility of an alternative explanation for the Km shift,
Adopting the values Km 5 10 mM and ksub 5 2200 s21our interpretations do not rely on the precise mecha-
and assuming Vcyto 5 0.85 pl (based on the typical toadnism. Thus, our measurements of the rate of PDE activa-
ROS dimensions of 6 3 60 mm and assuming the cyto-tion indicate that only 1%–2% of the total PDE is acti-
plasm to occupy 50% of the total ROS volume) andvated within an individual interdiscal space during a
BPcG 5 1 (implying a lack of additional cGMP buffering),single-photon response. This means that during the sin-
substitution in Equation 3 yields bsub 5 4.3 3 1024 s21.gle-photon response the PDE will indeed operate at its
Then, with the mean value of nE 5 120 PDE* s21 per R*true Km of z10 mM, regardless of the true explanation
and assuming the most conservative value of ncG 5 2, thefor the dependence of Km on PDE activation shown in
overall amplification constant is predicted by Equation 1Figure 6D.
to be A 5 0.10 s22, essentially identical to the valueThe values for the kcat of the fully activated holomer,
required to account for the average gain of the single-PDE**, measured in the course of this study varied be-
photon response (see Results). However, we note thattween 3400 and 6000 s21, within the range reported in
a substantial variation in the value of A is observedour previous work (Dumke et al., 1994). We shall there-
among different animal batches and even among differ-fore use the previously reported value of kcat 5 4400 s21
ent rods from the same animal. Similarly, the biochemi-(or ksub 5 2200 s21) in subsequent calculations since
that value was averaged from a larger number (nine) of cal parameters of cascade activation varied between
independent experiments. batches of animals. Given this variation, it is important
to inquire whether the “best” experimental values of
biochemical parameters can account for the highestDiscussion
amplification observed in electrophysiological record-
ings. Taking nE 5 150 PDE* s21, Km 5 9.2 uM, ksub 5 3000The Rod PDE Is a Nearly Perfect Effector
s21, and assuming that ncG 5 3, yields A 5 0.29 s22, aThe central discovery of this study is that the effector
enzyme in the vertebrate phototransduction cascade, value that exceeds the highest estimate yet obtained
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from analysis of amphibian rod physiological data, A < by an excited receptor. In this respect, it is interesting
0.2 s22, but one that allows for the possibility that to compare the rate of transducin activation of z120
BPcG . 1 (Lamb and Pugh, 1992). Thus, we conclude s21 at room temperature with the rates determined in
that the biochemical parameters measured in the pres- other signaling cascades. Surprisingly, the fastest rate
ent study are entirely sufficient to provide a quantitative observed by direct measurement in other systems is
description of the activation phase of the rod’s photore- only z2 s21, the value reported recently by Mukhopad-
sponse. hyay and Ross (1999) with Gq and m1 muscarinic recep-
tors reconstituted into proteoliposomes. Studies with
A Possible Explanation for the Discrepancy with other G protein–receptor combinations have yielded
Estimates from Light-Scattering Experiments even lower rates (for a review see Ross, 1989). The high
We think that the .7-fold discrepancy between our esti- speed of transducin activation is crucial for its function
mate of nG (z120–150 G* s21 per R*) and that obtained of maximally amplifying the signal that originates from
from light-scattering experiments ($1000 G* s21 per R*; a single molecule of excited receptor. This high rate of
Vuong et al., 1984; Kahlert and Hofmann, 1991) arises activation is made possible by two properties of the
not from errors of measurement but instead from inap- photoreceptor disc membrane: an extremely high con-
propriate assumptions in previous theoretical analyses. centration of transducin at the membrane surface
The experiments of Vuong et al. (1984) reported a rate (z2500 transducins mm22, corresponding to a cyto-
constant of activation of the normalized light-scattering plasmic concentration of z600 mM), and an exception-
signal of 104 s21 per R* (their Figure 3). However, in order ally fluid membrane, contributed by an unusually unsatu-
to convert this observed rate constant into the rate of rated lipid composition (Shinitzky, 1984; Edidin, 1987).
protein activation per R*, it was necessary first to identify These properties ensure that a single R* collides with
the protein interaction responsible for the signal and transducin molecules at a rate of at least 4000 s21 (Lamb
then to multiply the observed rate constant by the mole and Pugh, 1992; Lamb, 1994). It remains to be deter-
ratio of this protein to total rhodopsin. Vuong et al. (1984) mined whether the much lower rate of activation of
assumed that their scattering signal corresponded to transducin is determined by a low probability of R*/the activation of transducin (specifically, to the “release”
transducin binding upon collision, by the finite time re-of activated transducin from the membrane), and hence,
quired for GDP/GTP exchange, or by a combination oftheir measured rate constant of 104 s21 per R* was
these factors.multiplied by the G protein: rhodopsin ratio of 1/10, to
In other signaling pathways, it remains possible thatderive an estimate for nG of 103 G* s21 per R*. Similarly,
the rates of G protein activation are much higher inKahlert and Hofmann (1991) took their maximum “AT”
vivo than in reconstituted systems. Two examples canlight-scattering signal to represent activation of the en-
readily be provided where the G protein–mediated sig-tire G protein pool so that their observed rate constant
nals peak z45–70 ms after receptor excitation, indicat-of z104 s21 yielded the estimate of z103 G* s21 per R*.
ing that the rate of G protein activation should be at leastWe think that these estimates of nG require reevalua-
z20 s21; these are the odor-induced cAMP response intion. The rigorous work of Ku¨hn et al. (1981) showed
olfactory receptor neurons, mediated by Gs and adenyl-that the negative-going light-scattering signal, termed
ate cyclase (Breer et al., 1990), and the dim light re-the “dissociation signal,” was closely correlated with
sponse in Drosophila photoreceptors (Wu and Pak,transducin activation and that the value of nG derived
1978; Henderson et al., 2000) mediated by the Gq-stimu-from analysis of this signal’s light dependency was
lated phospholipase C (Zuker, 1996). What remains un-within the range obtained in direct biochemical assays.
Furthermore, Kamps et al. (1985) provided elegant ex- known is whether the time-to-peak in these systems is
perimental evidence that the positive-going AT signal limited by G protein activation or by some other reac-
reflects the activity of only that fraction of transducin tions downstream from the G protein. A challenge for
that binds to PDE. If we adopt their interpretation, then future studies is to discover whether the benchmark rate
the transient positive-going signal studied by Vuong et of transducin activation in vertebrate rods, nG z120 G*
al. (1984) and Kahlert and Hofmann (1991) represented s21 per R* at room temperature, is achieved in other
activation of PDE* by G* rather than activation of G* signal transduction pathways.
itself, and hence, the true rate of protein activation is
obtained by multiplying the observed light-scattering Experimental Procedures
rate constant by the mole ratio of PDE to rhodopsin.
Since the concentration of PDE is more than an order Electrophysiological Recordings
of magnitude lower than that of transducin, the calcu- Electrophysiological recordings were made from toad rods, using
standard procedures (Baylor et al., 1979; Whitlock and Lamb, 1999).lated rate of protein activation is very much lower than
The outer segment of an isolated rod was drawn into a suctionpreviously reported in light-scattering studies. Taking
pipette, and the circulating current was measured. The brief flashesthe PDE concentration in amphibian rods as 1 PDE cata-
of light were monochromatic (500 nm) and circularly polarized. Thelytic subunit: 135 rhodopsins (i.e., 1 PDE holomer: 270
flux of unattenuated light and the density of the neutral filters wererhodopsins, Dumke et al., 1994), the rate of protein acti-
determined with a calibrated radiometer, and the effective collectingvation in the experiments of both Vuong et al. (1984)
area was determined according to Equation 14 of Baylor et al. (1979).and Kahlert and Hofmann (1991) drops to 74 PDE* s21
Experiments were performed at room temperature (z228C) under
per R*, compatible with the rate that we have determined dark-adapted conditions.
by direct biochemical assay.
ROS Preparation
The Phototransduction Cascade of Vertebrate Osmotically intact frog ROS were isolated on Percoll gradients under
Rods Represents a Benchmark System for infrared illumination as described (Biernbaum and Bownds, 1985).
Studying the Speed of G Protein Signaling We used frog rods because they have been better characterized
An important aspect of this study is that it establishes biochemically than toad rods, yet their morphological and electro-
physiological properties are virtually indistinguishable; additionally,a “benchmark” rate at which G protein can be activated
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bullfrogs are available commercially throughout the year. The incubating disrupted ROS with 100 mM ATP overnight on ice, thereby
inducing rhodopsin phosphorylation by endogenous rhodopsin ki-“pseudo-intracellular” buffer used in all experiments contained 10
mM HEPES (pH 7.8), 90 mM potassium isethionate, 15 mM sodium nase. This incubation did not cause appreciable reduction in the
amount of active transducin (as judged from the maximal amountisethionate, 2 mM DTT, 2 mg/ml aprotinin, 4 mg/ml leupeptin, and
either 2 mM or 5 mM MgCl2. of the light-dependent GTPgS binding) or significant loss of the
membrane-bound transducin to solution. Subsequently, to avoidThree methods of ROS disruption were used: (1) ROS electroper-
meabilization, which preserves normal ROS morphology while creat- phosphorylation of the rhodopsin deliberately photoisomerized dur-
ing the experiment, we added sangivamycin (1 or 2 mM), a potenting small pores in the plasma membrane, with an apparent cut-off
of z60 kDa (Gray-Keller et al., 1990). Electropermeabilization was inhibitor of rhodopsin kinase. Control experiments with electroper-
meabilized ROS showed that the rate of light-dependent GTPgSaccomplished by placing an ice-chilled ROS suspension into a cus-
tom-built pulsing chamber with platinum electrodes and applying binding remained unchanged after addition of either 2 mM sangiva-
mycin alone or a mixture of 2 mM sangivamycin with 100 mM ATP.four exponential pulses of 5.6 kV/cm with a time constant of 0.3–0.4
ms from a Bio-Rad Gene Pulser. Electropermeabilized ROS were
used as soon as possible after their preparation. (2) ROS shearing, Radio-Tracer Assay of PDE Activity
PDE activity was determined essentially as described in Dumke etby passing 300–500 ml of ROS suspension through a 28G syringe
needle, yielding fragments of 1/3 to 1/10 the intact ROS length. al. (1994). Fifteen microliters of ROS suspension was first preincu-
bated for 1 min with 5 ml of 4 mM cGMP to occupy PDE noncatalytic(3) ROS homogenization by the Potter-Elvehjem homogenizer, yield-
ing small ROS fragments with no defined morphology (Dumke et sites, thus achieving high-affinity association of PDEg with the
PDEa,b catalytic subunits and so reducing the basal PDE activityal., 1994). The rhodopsin concentration of ROS preparations was
determined spectrophotometrically (Bownds et al., 1971). The PDE (see Arshavsky et al., 1992 for a detailed explanation of this phenom-
enon; the amount of cGMP remaining nonhydrolyzed at the end ofcontent of ROS was determined independently in each experiment
by measuring the maximal amount of the cGMP binding to the preincubation was determined in the separate experiments with
[3H]cGMP). The reaction was then started by adding 10 ml ofPDE high-affinity noncatalytic sites, assuming two sites per PDE
holoenzyme (Cote et al., 1994). The amount of bound cGMP was [3H]cGMP at the required concentration, supplemented by GTPgS
or GTP if needed. Rhodopsin was photoisomerized either by roommeasured by the filter binding assay, essentially as described in
Cote and Brunnock (1993). light in ice or by a 100 ms flash from a calibrated light source
immediately before the [3H]cGMP/GTPgS addition. Control experi-
ments showed no difference in the rate of PDE activation ifLight Calibration in the Biochemical Experiments
[3H]cGMP/GTPgS was added immediately before the flash. The re-Isomerization of desired fractions of rhodopsin in biochemical ex-
action was stopped by 100 ml HCl. The samples were then neutral-periments was achieved by illuminating ROS samples with a 100
ized with 100 ml nonbuffered Tris, and the amount of hydrolyzedms flash from a light source equipped with a 75 W halogen lamp,
cGMP was determined by the snake venom assay (Hurley and Stryer,a set of neutral density filters, and an orange filter with a 600 nm
1982).cut-off (the orange filter was used to achieve a uniform bleaching
The rate nE of PDE* activation after dim flashes of light was deter-throughout the sample volume by eliminating the self-screening
mined by fitting Equation 4. The results for a dim flash and thoseeffect). The fraction of rhodopsin isomerized was determined by
for darkness were separately fitted by a parabola (e.g., Figure 3B),measuring spectrophotometrically the amount bleached by an unfil-
and nE was determined by applying Equation 4 to the difference.tered flash (Bownds et al., 1971) in each experiment, and the re-
We used parabolic rather than linear analysis of the dark data be-quired level was achieved by inserting various combinations of neu-
cause the majority of dark activity was GTPgS dependent. Thistral density filters (up to a maximum of z4 OD units).
argues that the dark activity originated from rhodopsin spontane-
ously activated in the dark, rather than from intrinsic PDE activity.
GTPgS Binding Assay In contrast to the GTP binding assay described above, this dark
A 40 ml aliquot of ROS suspension was mixed in the dark at 228C activity was relatively small, so we did not need to quench thermally
with an equal volume of [35S]GTPgS (0.2–2 mCi/point) at the desired activated R* with ATP. Two reasons for this were, first, that the PDE
concentration. For experiments performed with 15–20 mM rhodopsin assay is intrinsically less noisy than the nitrocellulose filter binding
concentration, a 40 ml aliquot was put into a transparent plastic assay and, second, that much shorter times were used than in the
tube (Fisher Scientific, catalog no. 04-978-145) and, after a 2 min GTPgS binding experiments, and we were therefore able to increase
incubation, was illuminated by a 100 ms flash from the calibrated the signal-to-noise ratio by using flashes z10 times brighter.
light source. The remainder of the sample was used as the dark In the course of this work, we noticed that cGMP concentrations
control. The reaction was stopped by adding 200 ml of quenching above 1 mM cause some (up to 20%–30%) substrate inhibition of
solution containing 25 mM MgCl2, 25 mM GTP, and 500 mM hydrox- PDE activity, which is particularly easy to detect under conditions
ylamine, pH 7.5. The amount of bound GTPgS was then determined where the apparent Km is very low (Figure 6). For this reason, the
by the nitrocellulose filter binding technique (Fung et al., 1981), as actual rates of PDE activity monitored at cGMP concentrations of
described by Gray-Keller et al. (1990). Use of the quenching solution several millimolar (such as in the experiments shown in Figures 3
(as opposed to direct application of the samples to a nitrocellulose and 5) are usually 20%–30% lower than the rates determined at
filter) allowed better time resolution, resulted in lower nonspecific cGMP concentrations of several hundred micromolar.
retention of radioactivity on the filters, and gave more reproducible
results. Control experiments showed that the quenching solution pH Assay of PDE Activity
prevented any binding of GTPgS within 1 s and that it caused no Some of the PDE kinetic measurements were obtained with the
dissociation of GTPgS that had already bound to transducin. For pH assay (Liebman and Evanczuk, 1982), as described in detail
experiments performed with 100 mM rhodopsin, 10 ml samples were previously by Barkdoll et al. (1988, 1989). Retinas of 4–6 dark-
illuminated directly in the thin 10 ml tips attached to a Microman adapted toad eyes were dissected under infra-red illumination in
pipette (Gilson), allowing the most uniform rhodopsin bleaching in 1–1.5 ml of MOPS buffer (100 mM KCl, 2 mM MgCl2, 1 mM dithiothrei-
this dense ROS suspension. tol, 100 mM EDTA, and 20 mM MOPS, pH 8.0). Outer segments
One problem with this assay was that cell disruption by the 28G were purified as described (Barkdoll et al., 1988, 1989), disrupted
needle or by the Potter-Elvehjem homogenizer but not by electro- by syringing the suspension 10 times each through 18G, 20G, and
poration led to appreciable baseline activity, as monitored by an 22G needles and then maintained on ice in a light-tight container
increased rate of GTPgS binding in the dark (Gray-Keller et al., 1990); throughout the experiment. The rhodopsin content and fraction pho-
we suspect that this activity represented denaturation or thermal toisomerized were determined as above.
decay of rhodopsin. The increase in dark binding had a significant
impact on the reliability of the data at high concentrations of GTPgS Appendix: Theoretical Analysis of the Effect of Diffusion
(.20 mM), where the signal-to-noise ratio was intrinsically low. To with Hydrolysis on the Apparent Km of the PDE
avoid this problem in experiments utilizing GTPgS concentrations The theoretical analysis presented by Dumke et al. (1994) indicated
that the combination of diffusion and hydrolysis of cGMP in the discabove 20 mM, we “quenched” the residual rhodopsin activity by
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stack, which causes active PDEs near the center of the stack to be for the values of PDE*id, Dr, a and the true Km. This provided us with
the radial distribution profile, cGMP(r), within the particle for a givenexposed to a lower concentration of cGMP than PDEs at the disc
rim (see Figure 6A), can account for an elevation of the apparent boundary concentration cGMP0. We then computed the surface
density of the diffusional influxvalue of Km. An unexamined assumption of the previous analysis is
that diffusional restrictions are insignificant in completely disrupted
ROS, with the result that the Km measured with maximally disrupted
F 5 Dr
]cGMP
]r u
r5a
(7)preparations was taken to be the true Km of transducin-activated
PDE. The experimental data in Figure 6D argue that this preparation
is not free of the “diffusion with hydrolysis” problem and that the
This value of F was then multiplied by the surface-to-volume ratiotrue Km is about an order of magnitude lower than assumed pre-
of the particle (2/a for a cylinder and 3/a for a sphere) to yield theviously. These findings call for revision of the analysis in two areas.
average rate of hydrolysis, expressed in mM s21 (referred to theFirst, the previous analysis was restricted to the case where the
particle volume). Then, cGMPbulk was either set equal to cGMP0 orconcentrations of cGMP used for obtaining the initial part of the
calculated according to Equation 6, according to the presence orMichaelis curve were well below the true Km. That assumption al-
absence of an additional diffusion barrier in the model. The calcula-lowed an analytical solution of the equation for diffusion with hydro-
tions were repeated to obtain a series of values of cGMPbulk, andlysis, but the experimental results obtained in this study show that
the results were fitted with the Michaelis-Menten equation to deter-this assumption was not valid. Therefore, a numerical solution of the
mine the apparent Km for each PDE*id.diffusion equation is needed . Second, the previous model described
Comparison of the Theoretical Analysisdiffusion for cylindrical ROS fragments with preserved disc stack
with the Experimental Datastructure. Since these fragments are not preserved in the completely
In order to test the hypothesis that the increase in apparent Kmdisrupted ROS preparations, we need to consider two alternative
(observed upon an increase in the fraction of activated PDE in adescriptions of the particle structure in such experiments: (1) small
suspension of disrupted ROS) is explicable by our model of diffusioncylindrical particles with reasonably well preserved disc architec-
with hydrolysis, we need to make several assumptions concerningture, and (2) spherical particles containing nonoriented disc
the size and diffusion properties of the particles in this suspension.structure.
These assumptions are explained as follows.Basic Equations of Diffusion with Hydrolysis
Particle Size Distribution. Scanning electron micrographs of dis-Diffusion with hydrolysis in cylindrical or spherical coordinates is
rupted ROS suspensions (Figure 6C) show that the particles varydescribed by the partial differential equation (modified from Equa-
greatly in size. The biggest fragments are z6 mm in diameter, whiletion 11 in Dumke et al., 1994)
the most numerous particles are z0.5 mm in diameter. A hypothetical
exponential size distribution of particle radii, from 0.25 mm to 3]cGMP
]t
5 Dr1]
2cGMP
]r2
1
n
r
]cGMP
]r 2 2 PDE*id
ksubcGMP
cGMP 1 km
(5)
mm, with the smallest particles z14 times more numerous than the
largest particles is illustrated in Figure 6E.
Diffusion of cGMP Inside the Particles. It seems reasonable towhere n 5 1 for a cylindrical stack of discs, and n 5 2 for spherical
assume that inside the particles of severely disrupted ROS, thesymmetry with nonoriented internal structure (Crank, 1956). cGMP
orderly disc arrangement is not preserved. The intraparticle spaceis the local concentration of cyclic GMP, r is radial distance, Dr is
would then be highly tortuous, with reduced effective diffusion coef-the effective radial diffusion coefficient of cGMP inside the particle,
ficient (Dr). It is also possible that the residual plasma membraneand PDE*id is the concentration of activated PDE subunits per unit
or bent discs at the surface of the particle may form an additionalof particle volume. For practical convenience, the units chosen were
diffusion barrier surrounding the particle, with permeability B.as follows: r in mm; t in s; Dr in mm2 s21; ksub in s21; concentrations
The solid light gray curve in Figure 6D shows the relation com-of PDE*id and cGMP in mM; and Km in mM.
puted according to Equation 5, for cylindrical particles having theThe boundary conditions of Equation 5 are ]cGMP/]r 5 0 at r 5 0
size distribution shown in the inset, with no diffusion barrier, andand cGMP 5 cGMP0 at r 5 a, where a is the particle radius and
with Dr 5 50 mm2 s21 (z10-fold lower than in free solution, cf. DumkecGMP0 is the concentration of cGMP at the edge of the particle. In
et al., 1994). This calculated curve shows a good match to thea well-stirred solution and in the absence of an additional diffusion
general trend of the experimental data. It levels out at the true Km,barrier surrounding the particle, cGMP0 is equal to the bulk concen-
when less than a few percent of the PDE is active, and it risestration of cGMP, cGMPbulk. However, if an additional diffusion barrier
steeply at higher levels of PDE activation.(perhaps comprising residual fragments of the plasma membrane
Importantly, we found that fits of very similar quality to those insurrounding the particle) is present, then
Figure 6D could be obtained with a variety of assumptions about
the structure and diffusional properties of the particles. The darkcGMPbulk 5 cGMP0 1
F
B
(6)
dashed curve was computed for spherical particles of the same size
distribution and with Dr 5 45 mm2 s21. The dark solid curve is also
where F (mM mm s21) is the surface density of diffusional influx (see for spherical particles but surrounded by a barrier and assuming
below) and B (mm s21) is the barrier permeability. that Dr 5 225 mm2 s21 and B 5 170 mm s21 (this is z17 times more
Solutions of Equation 5 are functions of the product PDE*id ksub, permeable than the plasma membrane of the electropermeabilized
which represents the maximal hydrolytic activity per unit of volume ROS described in Dumke et al., 1994). Furthermore, we found that
inside the particle. This factor is related to the observed maximal the exact hypothesis regarding the distribution of particle sizes had
hydrolytic activity, PDE* ksub, by the ROS dilution factor (z1,000 in little influence on the shape of the theoretical curves.
the experiments in Figure 6D). We have therefore chosen in Figure In summary, we conclude that the dependence of the apparent
6D to plot the experimental values of apparent Km as a function of Km on the degree of PDE activation in a suspension of ROS particles
the observed maximal rate, PDE* ksub. can satisfactorily be explained by a model of diffusion with hydroly-
Approach to Numerical Solution sis within the particle.
Although numerical solutions of the partial differential equation
(Equation 5) can be obtained by finite-difference methods (Crank
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